Estrogens are the best-studied class of drugs for potential use in the prevention of Alzheimer's disease (AD). These steroids have been shown to be potent neuroprotectants both in vitro and in vivo, and to exert effects that are consistent with their potential use in prevention of AD. These include the prevention of the processing of amyloid precursor protein (APP) into beta-amyloid (A), the reduction in tau hyperphosphorylation, and the elimination of catastrophic attempts at neuronal mitosis. Further, epidemiological data support the efficacy of early postmenopausal use of estrogens for the delay or prevention of AD. Collectively, this evidence supports the further development of estrogen-like compounds for prevention of AD. Several approaches to enhance brain specificity of estrogen action are now underway in an attempt to reduce the side effects of chronic estrogen therapy in AD.
Introduction
Estrogens are one of the best-studied classes of molecules for their potential role as a preventative or a disease-modifying therapy for Alzheimer's disease (AD). These polyphenols have been extensively assessed for their capacity to protect neurons from a number of toxic insults, including A peptide; in animal models of Alzheimer's neuropathology; and in epidemiological assessments given the hundreds of millions of women years of postmenopausal use of estrogen. Additionally, several placebo controlled clinical trials of estrogen therapy for AD have been conducted. As such, we are now in a position to assess the potential for the use of estrogens as a preventative or a disease-modifying treatment of this neurodegenerative disease.
The neuropathological features of AD for which estrogens have been evaluated are neuronal loss, A formation, tau hyperphosphorylation and neurofibrillary tangle formation, oxidative damage, neuroinflammation and the catastrophic attempts of neurons to undergo mitosis. In this treatise, we consider these in vitro and in vivo results as well as the clinical studies conducted to date to determine if estrogen therapy has the potential for preventing AD or modifying its disease course.
We will consider first the in vitro evidence for the potent neuroprotective action of estrogens, then evaluate animal models that demonstrate one or more of the neuropathological features of AD. We will then assess the evidence for and against the clinical use of estrogens for AD prevention or disease modification. Finally, we describe major therapeutic strategies for improving the potential for estrogen use in the prevention of AD.
In vitro evidence supporting estrogen use in preventing Alzheimer's disease In vitro, 17 -estradiol (E2) protects central nervous cells from a variety of oxidative stresspromoting insults. E2 is able to protect neurons from deprivation of serum [Bae et al. 2000; Gollapudi and Oblinger, 1999; Green et al. 1997a, b] ; against the toxicity of various A peptides [Mook-Jung et al. 1997; Fitzpatrick et al. 2002; Chae et al. 2001; Kim et al. 2001; Hosoda et al. 2001; Bae et al. 2000; Bonnefont et al. 1998; Mattson et al. 1997; Goodman et al. 1996; Green et al. 1996] , MPTP [Ba et al. 2004; Gélinas et al. 2004; Gagne et al. 2003; De Girolamo et al. 2001] , dopamine [for review see Dluzen and Horstink, 2003] , haloperidol [Sagara, 1998] , quinolinic acid [Kuroki et al. 2001] , hydrogen peroxide (H 2 O 2 ) [Biewenga et al. 2005; Yu et al. 2004; Brinton et al. 2000; Vedder et al. 2000; Blum-Degen et al. 1998; Bonnefont et al.1998; Sawada et al. 1998; Singer et al., 1998; Behl et al. 1995] , SIN-1 [Takao et al. 2004] , iodoacetic acid , paraquat [Gelinas et al. 2004] , and hemoglobin [Regan and Guo, 1997] . Further, estrogens ameliorate death from glutathionedepleting agents, such as glutamate [Deecher et al. 2005; Vedder et al. 2000; Behl et al. 1997; Davis and Maher, 1994] and an irreversible blocker of -glutamyl-cysteine synthase (buthionine sulfoxide) [Mérot et al. 2005; Sawada et al. 2000; Behl et al. 1997 ], as well as glutamate, NMDA-or kainate-induced excitotoxicity [Kajta et al. 2001; Honda et al. 2000; Singer et al. 1998 ]. Estrogens also protect against death due to heavy metals (cobalt and mercury) [Olivieri et al. 2002] , and iron chloride [Vedder et al. 1999; Mook-Jung et al. 1997] .
Estrogens have been shown to reduce inflammatory actions in vitro (for review, see [Brooke and Sapolsky, 2000] . In HIV-related in vitro models, E2 protects against gp120, the coat protein of HIV, HIV regulatory protein (TAT), and exposure to HIV-1 protease [Wallace et al. 2006; Corasaniti et al. 2005; Kendall et al. 2005; Russo et al. 2005; Bruce-Keller et al. 2001; Howard et al. 2001; Turchan et al. 2001; Hawkins et al. 1999] . Estrogens also attenuate gp120-induced cell death in an animal model of HIV [Corasaniti et al. 2005] . In another paradigm, estrogen's ability to inhibit microglial activation by LPS protects dopaminergic neurons by decreasing nitrite production and TNF expression . The protection seen has a greater effect on microglia than neurons [Zemlyak et al. 2005 [Zemlyak et al. , 2002 . In aged female mice, longterm estrogen treatment elicits a resting pattern in microglia, indicative of an inhibition of astrocytic and microglial activation [Lei et al. 2003 ]. Estrogen's ability to inhibit microglial superoxide release and phagocytic activity also point to an anti-inflammatory effect [Bruce-Keller et al. 2000 ]. Further, in AD-models, conditioned media derived from estradiol-treated glia have been shown to protect neuronal cultures from -amyloid toxicity [Sortino et al. 2004 ]. Estrogens have also been shown to protect glial cells directly [Takao et al. 2004; Sur et al. 2003; Vegeto et al. 2001; Bishop and Simpkins, 1994] . These data implicate both neurons and glia as direct cellular targets of estrogen in protecting the brain.
Estrogens have long been recognized as antioxidants in a variety of in vivo and in vitro models. This is important since AD neuropathology has a strong oxidative stress component. This may be due in part to the richness in polyunsaturated fatty acids of neuronal membranes which increases the susceptibility of lipids to oxidative damage. Estrogens have only weak radical scavenging activity [Vegeto et al. 2001; Rö mer et al. 1997; Sudo et al. 1997] but are able to inhibit oxidative stress markers such as lipid peroxidation Bayir et al. 2004; Jung et al. 2004; Vedder et al. 1999; Ruiz-Larrea et al. 1994 ], protein oxidation [Telci et al. 2002] , and DNA damage [Thibodeau et al. 2002; Park, 2001; Sierens et al. 2001; Behl et al. 1995] . In cell-free systems, estrogens inhibit iron-induced lipid peroxidation [Ruiz-Larrea et al. 1995] , LDL oxidation, cholesterol oxidation, and conjugated diene formation [Berco and Bhavnani, 2001; Bhavnani et al. 2001; Schwenke et al. 1999; Clemente et al. 1999; Martin et al. 1998; Ayres et al. 1996; McManus et al. 1996; Miller et al. 1996; Tang et al. 1996a; Sack et al. 1994 ]. This potent antioxidant activity is likely due to a novel redox cycling of estrogens [Prokai et al. 2003 ]. We [Green et al. 1997 ] and others [Moosmann and Behl, 1999; Behl et al. 1997 ] have shown that estrogen analogs, with increased capacity to donate a hydrogen radical from the phenolic hydroxyl group on the steroid A ring, are more potent neuroprotectants, suggesting an association between neuroprotection and antioxidant activity.
The lipophilicity of estrogens leads to their accumulation in the hydrophobic plasma membranes and affects membrane fluidity [Liang et al. 2001; Whiting et al. 2000; Dicko et al. 1999; Wiseman, 1994] . With a log P of 4.008, E2 is localized to the lipid environment of membranes, placing it at the site of key peroxidation events, and thereby allowing the prevention of oxidative damage. The lipid membrane is also the site of various signal transduction processes including PI3K/Akt signaling and the translocation of phosphatidylserine form the inner leaflet of the plasma membrane to the outer leaflet during apoptosis.
The redox state of the cell is a key determinant for cell survival and influences parameters such as the ratio of reduced and oxidized glutathione and oxidative state of proteins. Previous work has shown a synergistic interaction between E2 and glutathione (GSH) for neuroprotection Gridley et al. 1998; Green et al. 1998 ] and of the E2 phenoxy radical (E2O ) with other antioxidants such as -tocopherol in chemical systems [Winterle et al. 2001 ]. Estradiol has also been reported to elicit significant increases in GSH levels in HT-22, primary hippocampal, and primary neocortical cells [Schmidt et al. 2002] .
As the major energy source of the cell, mitochondria stand at center stage in aging and neurodegeneration. Mitochondria dysfunction has been implicated in aging and many neurodegenerative diseases such as AD, Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis. Mounting data suggests that estrogens exert neuroprotection through maintaining mitochondrial function. In support of the mitochondria as a relevant target of estrogens, it has been shown that estrogen protects neurons against various mitochondrial toxins such as MPTP [Kenchappa et al. 2004; Shughrue, 2004; Disshon and Dluzen, 1997; Dluzen et al. 1996a ] and 3-nitroproprionic acid (3-NPA) [Wang et al. 2001] .
Through the mitochondrial electron respiratory chain, mitochondria generate the majority of cellular ATP and reactive oxygen species (ROS). Under oxidative stress, mitochondrial function plays a critical role in cellular life or death decisions. Evidence shows that estrogens may exert direct or indirect effects on mitochondrial function. In cell culture models, E2 preserves mitochondrial function by maintaining the mitochondrial membrane potential [Dykens et al. 2003; Wang et al. 2001] , modulating mitochondrial calcium sequestration [Nilsen and Brinton, 2004; Wang et al. 2003 Wang et al. , 2001 , and attenuating cellular ATP depletion induced by oxidative insults such as 3-NPA [Wang et al. 2001] and H 2 O 2 [Wang et al. 2003; Vedder et al. 2000 ]. E2 also ameliorates mitochondriagenerated ROS [Wang et al. 2001] . Several potential mechanisms that underlie estrogen mitoprotection are described below.
Mitochondrial calcium overloading leads to mitochondrial membrane potential collapse and initiates cell death. Data from our laboratory and others shows that E2 attenuates mitochondrial calcium overloading against oxidative stress [Wang et al. 2003; Nilsen and Brinton, 2003; Wang et al. 2001] . Mitochondrial calcium loading depends on uptake through the uniporter and efflux by Na þ /Ca 2þ exchanger on mitochondrial membrane [Crompton et al. 1978] . It has been shown that E2 increases Na þ -dependent calcium efflux exponentially at concentrations above 10 nM in synaptosomal mitochondria [Petrovic et al. 2005; Horvat et al. 2001 Horvat et al. ,2000 . The ability of estrogens to maintain mitochondrial calcium levels may be closely related to their modulatory effect on intracellular calcium homeostasis and mitochondrial membrane potential under oxidative stress.
Long-term supplementation of E2 (80 mg/kg, 16 weeks) in ovariectomy (OVX) rats effectively antagonized the detrimental effects of ovariectomy on brain mitochondrial lipid peroxidation, glutathione loss, and superoxide dismutase (SOD) activity [Feng and Zhang, 2005] . E2 also prevents OVX-induced impairments of mitochondrial complex I and IV activity [Feng and Zhang, 2005] . Furthermore, in OVX rats, E2 treatment increases specific proteins in cerebrovascular mitochondria, such as cytochrome c, subunit IV of electron transport chain (ETC) complex IV, manganese SOD, and subunit I of the ETC complex IV [Stirone et al. 2005 ]. Incubation of cerebral vessels with 10 nM E2 also resulted in elevated levels of mitochondrial cytochrome c [Stirone et al. 2005] . Another important component of ETC, F0F1-ATPase, is also affected by E2. Binding to one subunit of F0F1-ATPase, E2 inhibits its activity and blunt ATP hydrolysis [Zheng and Ramirez, 2000 , 1999a , 1999b .
E2 treatment also enhances the ratio of antiapoptotic proteins to pro-apoptotic proteins, many of which have direct interactions with mitochondria. Physiological levels of E2 and estrogen receptor (ER) agonists increase the levels of an anti-apoptotic protein, bcl-2, in both primary neuronal cultures and ischemic OVX rats [Zhao et al. 2004; Honda et al. 2001; Dubal et al. 1999] . In primary cortical neurons, 10 nM E2 prevented apoptosis, attenuated calpain upregulation, shifted the Bax:Bcl-2 ratio toward survival, and decreased caspase-3 activation [Sribnick et al. 2004 ]. The PI3-K/Akt signal transduction pathway plays a pivotal role in E2 anti-apoptotic effects [Honda et al. 2001] . In endothelial cells, E2 elicits Akt/PKB localization to mitochondria and phosphorylates Bad protein [Sasaki et al. 2003 ].
E2 prevents mitochondrial permeability transition pore (MPTP) opening, mitochondrial membrane potential (Á m) collapse, and cytochrome c release. Maintaining mitochondrial membrane potential is a critical step in E2 neuroprotection. In SK-N-SH cells, E2 significantly reduced Á m collapse induced by 3-NPA [Wang et al. 2001] . Moreover, in HT-22 cells, 14 estradiol analogs were tested for potency in protection of Á m collapse and increase in neuronal survival. We found a strong correlation between mitoprotection and neuroprotection for these estrogen analogs [Simpkins et al. 2005a ]. The preservation of Á m results in prevention of cytochrome c release, which is the crucial point in apoptosis. A plethora of data indicates that E2 reduces cytochrome c release from mitochondria in both in vivo and in vitro models [Zhang and Bhavnani, 2005; Bagetta et al. 2004; Morkuniene et al. 2002; Hosoda et al. 2001] .
Although estrogens are known to exert antioxidant effects, they are poor ROS scavengers. In both neuronal and non-neuronal cell cultures, estrogens failed to attenuate H 2 O 2 -induced cellular ROS elevation Wang et al. 2003 ], but E2 effectively attenuated 3-NPA-induced ROS production from mitochondria [Wang et al. 2001] . We proposed that estrogens reduce mitochondrial free-radical generation by reducing lipid peroxidation, stabilizing ATP production, preserving Á m and mitochondrial ETC efficiency, but not by acting as a direct ROS scavenger. This is supported by evidence that long-term supplementation with E2, ameliorates brain mitochondrial lipid peroxidation and mitochondrial H 2 O 2 production induced by ovariectomy [Feng and Zhang, 2005; Stirone et al. 2005 ].
Both ER and ER localize to mitochondria [Chen et al. 2004a [Chen et al. , 2004b Yang et al. 2004 ]. This suggests that ERs might play a role in the effects of estrogens on mitochondria function other than through their genomic action. We have addressed this issue by constitutively knocking down ER in a HT-22 cell line and determining the effects of this manipulation of cell phenotype (Yang et al. unpublished observations) . We observed that ER knockdown had no effect on cell proliferation, but enhanced cell viability in response to a variety of pro-oxidant insults. Additionally, these cells were better able to maintain Á m and cellular ATP levels during oxidative insult. These data suggest that unliganded mitochondrial ER plays a role in susceptibility of neurons to pro-oxidant stress. By inference, binding of ER to an estrogen may reduce this ER involvement in neuronal prooxidant susceptibility and provide a novel mechanism for estrogen-induced neuroprotection. This may represent, for the first time, an estrogen ligand-induced loss of function of an ER.
Studies have shown that mitochondrial genes are potential sites of primary action of estrogen [Demonacos et al. 1996] . Mitochondrial proteins are encoded by both mitochondrial and nuclear genes. The 16-kb mitochondrial genome encodes 13 of the more than 100 proteins involved in oxidative phosphorylation and the remainder are encoded by the nuclear genome. Mitochondrial genome contains sequences similar to estrogen response element (ERE). It has been shown that estrogen-specific binding sites were associated with mitochondrial structures, suggesting the mitochondria localization of ERs [Solakidi et al. 2005; Chen and Yager, 2004; Horvat et al. 2001; Noteboom and Gorski, 1965] . In OVX rats, E2 elevated expression of subunit I of complex IV, which is encoded in mtDNA [Stirone et al. 2005 ].
In cultured female rat hepatocytes, incubation of ethinyl estradiol (EE) for 24 h, increased the transcript levels of the mitochondrial genomeencoded genes cytochrome oxidase subunits I, II and III [Chen et al. 2003 ]. This effect was accompanied by increased mitochondrial respiratory chain activity, as reflected by increased mitochondrial superoxide generation, and detected by lucigenin-derived chemiluminescence and cellular ATP levels [Chen et al. 2003] . A differential screening of hippocampus cDNA library from estrogen-stimulated OVX rats indicated that complex III mRNA levels significantly increased as early as 3 h following a single dose of E2 treatment [Bettini and Maggi, 1992 ]. In the pituitary of OVX rats, E2 also remarkably enhanced mitochondria complex II mRNA levels [Van Itallie and Dannies, 1998; Law et al. 1994 ]. time point (24 h post-E2 injection) of E2 on the mitochondrial proteome in 2-week ovariectomized rats [Nilsen et al. 2007 ]. They report that brain mitochondria isolated from E2 treated rats are more efficient in producing ATP, produces less ROS and that 66 proteins isolated by 2D gel electrophoresis were changed more than two-fold by E2 treatment. Of these 66 proteins, 28 showed increased and 38 showed decreased levels. Eighteen spots were selected for identification and these proteins fell into three primary categories: energy-related proteins, oxidative balance proteins and structural and chaperone proteins. Collectively, these data indicate that E2 markedly affects mitochondrial protein expression and thereby can affect mitochondrial structure and function.
Effects of estrogens in models of AD neuropathology
A models In addition to the aforementioned protection provided by estrogens against A neurotoxicity and compromised mitochondrial function, estrogens have been demonstrated to affect a variety of processes by which A contributes to AD neuropathology. Each of the three major circulating estrogens, estrone, E2 and estriol, dose-dependently reduce A fibrillation in ex vivo studies [Morinaga et al. 2007 ]. Also, estrogens enhance the uptake of aggregated A into human cortical microglia in vitro [Li et al. 2000 ]. These actions of estrogens could contribute to their ability to reduce plaque load in animal models (see below).
In cell culture models, E2 has been shown to reduce A in HEK293 cells [Chang et al. 1997] , to increase soluble APP (a nonamyloidogenic protein) in ZR-75-1 human carcinoma cells [Jaffe et al. 1994] , and to accelerate APP trafficking in the trans-Golgi network in vesicles derived from neuroblastoma cells or primary neurons, thereby reducing the production of A [Greenfield et al. 2002] . Such effects of estrogens are consistent with its ability to reduce production of neuronal A.
Several animal models have been assessed for the effects of estrogens on A production and amyloid plaque load. In guinea pigs, which produce the human form of A but do not develop plaques, ovariectomy increased, and estrogen treatment reduced, A1-40 and A1-42 concentrations in brain [Petanceska et al. 2000 ]. Similar results were seen when a double transgenic (Tg) mouse containing PS-1 and an APP human mutations were subjected to ovariectomy and estrogen replacement [Zheng et al. 2002] . Further, in a mouse Tg model containing the human Swedish APP mutation, a reduction in A was seen with treatment with either E2 or its transcriptionally weak diasteriomer, 17 -estradiol [Levin-Allerhand et al. 2002] .
A triple Tg mouse model containing PS-1 and an APP human mutations as well as a mutant human tau construct also showed a reduction in brain A with E2 treatment [Carroll et al. 2007] . In contrast to these observations, Green et al. [2005] showed no effect of E2 on A in PDAPP mice.
Another means of increasing A production in rodents is through induction of a cerebral ischemic event in non-transgenic rats [Shi et al. 1998 ]. Using this model, we have shown that E2 treatment of ovariectomized rats reduces APP protein and mRNA [Shi et al. 1998 ] and reduces the expression of BACE-1, the protease responsible for -site cleavage of APP [Wen et al. 2004a ].
Stroke models
Most cases of dementia are thought to develop from two distinct diseases: Alzheimer's disease or vascular disease. Recent studies suggest that vascular dementia and mixed dementia, in which cerebrovascular and Alzheimer's pathologies coexist, together comprise the majority of dementia cases [Roman, 2002] . Both experimental and clinical investigations have provided evidence that AD and vascular dementia, traditionally considered distinct clinical and pathophysiological entities, could share common features and converging pathogenic mechanisms.
Vascular dementia incorporates cognitive dysfunction with vascular disease. Cerebral ischemia is the major cause of vascular dementia . The prevalence of vascular dementia was estimated to be as high as 80% to 90% after stroke according to different criteria [Pohjasvaara et al. 2000 ]. The traditional concept of vascular dementia postulates that cognitive decline in patients with ischemic stroke can result from the stroke alone when a large volume of brain is affected by infarcts and overcoming the brain's reserve or compensatory mechanisms. However, this traditional concept is not supported by the progressive course of dementia after ischemic stroke demonstrated by epidemiological longitudinal studies. Tatemichi et al. [1990] reported that the incidence of dementia was 6.7% among patients after 1 year of follow-up in a sample of 610 patients who were initially nondemented after stroke. Bornstein et al. [1996] reported that 32% patients who were initially nondemented after stroke developed incident dementia during 5 years of follow-up after first ischemic stroke. Henon et al. [2001] examined a cohort of 169 patients who had been nondemented before stroke onset and reported that the cumulative proportion of patients with incident dementia was 21.3% after 3 years of follow-up. Altieri et al. [2004] assessed 191 non-demented stroke patients for a 4 years follow-up, and found the incidence of dementia increased gradually with 21.5% patients had developed dementia by the end of the follow-up period. In populationbased studies of stroke and dementia, Kokmen et al. [1996] reviewed the medical records of a sample of 971 patients who were free of dementia before first stroke. The cumulative incidence of dementia was 7% at 1 year, 10% at 3 years, 15% at 5 years and 23% at 10 years. Desmond et al. [2002] performed functional assessments annually on 334 ischemic stroke patients and 241 stroke-free control subjects, all of whom were nondemented in baseline examinations, and found a progressive course of dementia with the incidence rate of 8.94 per 100 personyears in the stroke cohort and 1.37 cases per 100 person-years in the control cohort. In two studies based on patients presenting with a lacunar infarction as their first stroke, Samuelsson et al. [1996] found that 4.9% and 9.9% of 81 patients developed dementia after 1 and 3 years of followup, respectively, and Loeb et al. [1992] found that 23.2% patients developed dementia during an average of 4 years of follow-up.
The progressive course of cognitive decline after ischemic stroke has also been demonstrated in the focal ischemic stroke model. Middle cerebral artery occlusion (MCAO) in rodents is considered to be a convenient, reproducible and reliable model of cerebral ischemia in humans [DeVries et al. 2001; Bederson et al. 1986; Tamura et al. 1981] . MCAO typically results in extensive neuronal death in the cortex and caudate putamen, both centers for sensorimotor function [Bederson et al. 1986 ]. Sensorimotor behavior impairment has been extensively studied in ischemic stroke models. Spontaneous partial or complete recovery of sensorimotor function has been reported consistently over time after ischemic stroke [Karhunen et al. 2003; DeVries et al. 2001; Roof et al. 2001; Yonemori et al. 1999; Markgraf et al. 1997 Markgraf et al. ,1994 . On the other hand, different progression of cognitive impairment has been demonstrated in MCAO models. The Morris water maze has been used to study impairment in spatial learning and memory in experimental stroke studies [Yonemori et al. 1999; Stroemer et al. 1998; Markgraf et al. 1997 Markgraf et al. , 1994 Markgraf et al. , 1992 Smith et al. 1997; Yonemori et al. 1996 ]. The experimental protocols and indices of performance used in these studies vary considerably; consequently, the conclusions are not always consistent. However, few studies have shown recovery of the cognitive impairment over time after MCAO, and a progressive impairment of cognitive function has been suggested in some of studies [Karhunen et al. 2003; Roof et al. 2001; Stroemer et al. 1998; Markgraf et al. 1992] . A longitudinal behavior study following transient middle cerebral artery occlusion in rats demonstrated sensorimotor and spatial memory impairment for up to 1 year. Interestingly, no progression of sensorimotor dysfunction was found from the repeated test at 7 months and 1 year after transient focal cerebral ischemia [Karhunen et al. 2003 ]. For the spatial memory test, improvement of performance was found in both stroke and sham animals at 1 year after insult or sham surgery, respectively, as a result of repeated test, compared with the behavior test obtained at 7 months after stroke or sham surgery [Karhunen et al. 2003 ]. However, the improvement in the stroke animals was profoundly less than that of sham animals, suggesting a progression of spatial memory impairment from 7 month to 1 year after ischemic stroke [Karhunen et al. 2003 ]. In similar behavior test paradigm, rats with permanent MCAO showed less improvement of performance in repeated spatial memory tests at 1 and 2 weeks after stroke when comparing with shams [Roof et al. 2001] .
Taken together, accumulating evidence from both epidemiological studies and basic research has indicated that the progressive cognitive function decline is not solely due to the direct contribution of the primary cerebral ischemic damage [Pasquier and Leys, 1997] . Rather, the progressive course of vascular disease suggests a degenerative disorder [Kokmen et al. 1996; Tatemichi et al. 1994] .
Animal research has also demonstrated that Alzheimer's neuropathologies can be induced in the rat MCAO model, suggesting that this model could be useful as a nontransgenic model to discover potential therapeutics for AD. Alz-50-immunoreactive granules are found around the cerebral infarction after an ischemic stroke in gerbil, rats and human patients [Wen et al. 2004b; Ikeda et al. 2000; Dewar et al. 1993 ]. Ischemic stroke induces abnormal cell cycle molecules, such as cdc2, cyclin B1, together with nonmitotic cdk5 [Kesavapany et al. 2004] . Further, increased cdk5 mRNA and protein in the human brain following acute ischemic stroke is reported [Mitsios et al. 2007 ]. Cdk5 is a key kinase in tau hyperphosphorylation and AD pathogenesis [Monaco and Vallano, 2005; Cruz and Tsai, 2004] . Ischemic injury induced cdk5 activation is also related to another key pathological feature: amyloid plaque formation [Wen et al. 2008; Vassar, 2007] (see Figure 1 ). We speculate that estrogens can attenuate cdk5 activations and other cyclin-dependent kinases, in part through activation of protein phosphatases [Yi et al. 2008 [Yi et al. , 2005 .
Although the effects of estrogens against the progressive decline in cognition have not yet been assessed, the neuroprotective effects of estrogens have been demonstrated in a variety of acute models for acute cerebral ischemia. These include transient and permanent middle cerebral artery occlusion models [Alkayed et al. 1998; Dubal et al. 1998; Simpkins et al. 1997 ], global forebrain ischemia models [He et al. 2002; Sudo et al. 1997 ]. Finally, the neuroprotective action of estrogen is not limited to the female, inasmuch as estrogen protection is also seen in males [Hawk et al. 1998; Toung et al. 1998 ]. Collectively, these results indicate that estrogens could be valuable candidates for brain protection during acute stroke. In addition, given the aforementioned in vitro evidence for potent neuroprotection with estrogens, this steroid could have potential in attenuating ischemicinjury-related neurodegeneration and related AD neuropathology. Indeed, the impact of preventive neuroprotective strategies on incidence rates of AD was predictable from epidemiological studies [Shoulson, 1998 ]. Experimental results have showed that neuroprotective therapies are expected to slow the rate of neuronal loss, and that even relatively modest neuroprotective effects can lead to dramatic reductions in incidence rates of AD.
Clinical evidence for estrogen prevention of Alzheimer's disease While the primary clinical indications for estrogen therapy during the perimenopausal and/or postmenopausal period are for its use in reducing hot flushes and the risk of osteoporosis, there have been numerous clinical studies that support the potential role of estrogens in reducing the risk for AD. Support for this hypothesis includes the observation that estrogen therapy can reduce the cognitive decline observed in women that have gone through either natural or surgical menopause [Carlson and Sherwin, 1998; Sherwin, 1997; Phillips and Sherwin, 1992] . Further, there is also evidence that estrogen therapy may affect cognitive function during brain aging as well Resnick and Maki, 2001; Resnick et al. 1998 ]. And with specific regards to AD, starting with the seminal study by Fillit et al. [1986] , several epidemiological studies described that postmenopausal estrogen therapy may contribute to the prevention, attenuation, or even delay in the onset of AD [Kawas et al. 1997; Henderson, 1996, 1994; Tang et al. 1996b; Ohkura et al. 1994 ]. Interestingly, estrogen treatment also improved the efficacy of Tacrine Õ , an anticholinesterase drug used for the treatment of AD [Schneider et al. 1996 ], suggesting that estrogen may also facilitate or enhance existing treatments for AD.
However, some recent clinical trials including the Women's Health Initiative (WHI) improved failed to find a positive effect of estrogen on cognitive function and risk for AD patients [Espeland et al. 2004; Shumaker et al. 2004; Rapp et al. 2003; Shumaker et al. 2003; Mulnard et al. 2000 ]. Further, cardiovascular and thromboembolic risks were also suggested in these studies Manson et al. 2003 ], although the modest and nonsignificant increase reported was observed only in the conjugated equine estrogen (CEE) plus medroxyprogesterone acetate (MPA) group ]. In contrast, no increase in the risk for cardiovascular disease in the estrogen alone arm of the WHI was noted, although no beneficial effects were observed either . While these studies were informative, the interpretation of the WHI studies is limited by the hormone preparations used, their route of administration, the regimen of hormone administration (i.e., continuous daily therapy versus cyclic therapy) and the advanced age of the subjects under study [Singh et al. 2008; Simpkins et al. 2005c; Singh and Simpkins 2005] . As such, these results cannot be construed as the 'final word' on the role of estrogens in reducing the risk for dementia.
As suggested in the preceding paragraph, an important caveat to the clinical studies described above in which estrogen therapy had negative effects on cognition and/or AD is consideration of the age of the individual. Indeed, the Cache County study [Zandi et al. 2002] revealed that the efficacy of hormone therapy changed not only with increasing age, but also with increasing duration of hormone use. Furthermore, following reanalysis of the WHI Memory Study (WHIMS) data, it has been inferred that women who used hormones at younger ages had lower risks for AD [Henderson et al. 2007 ].
Collectively, the clinical studies suggest that the beneficial effects of estrogen in AD depend on at least three important factors: the age of the individual (or alternatively, the duration of postmenopausal status prior to initiating hormone therapy), the duration of treatment and, potentially, the formulation of the hormones used in the therapy (i.e., 17-estradiol versus CEE). These factors may indeed underlie, at least in part, the apparent discrepancy between the substantial volume of basic science data and the recent results of the WHI. In fact, the reanalyses of the WHI, coupled with new data on the neurobiology of estrogens that address one or more of the three factors listed above, have supported the potential of estrogens in reducing the risk of such neurodegenerative disorders as Alzheimer's disease. Nevertheless, further research is certainly warranted in order to attain a more complete understanding of hormone neurobiology.
Advances in drug discovery of estrogens One of the major problems faced in applying estrogens to the prevention/therapy of AD is that any successful drug for AD will need to be administered for years to decades. It is now well known that continuous therapy with estrogens leads to an increase in prothrombic events and an increased risk for uterine cancer. As such, estrogen therapy for AD will require types of estrogens that are devoid of these side effects. Two major strategies for AD have developed to address the need for chronic therapy and to eliminate side effects of estrogens.
We have undertaken a planned strategy, using estradiol as a scaffold, to build out of estrogens their ability to interact with ERs, while retaining their potent neuroprotective and antioxidant activities. Two approaches were used to reduce interaction with ERs: the creation of enantiomers and the addition of large bulky groups to the 2and 4-carbons of the phenolic A ring of the steroid. The former approach capitalized on the stereospecific interactions between ERs and its ligands, while the latter approach utilized the observation that 3/5 of the binding energy of interaction of estrogens with ERs occurs with the insertion of the phenolic A ring into the ER.
We synthesized over 80 compounds that were subjected to screening assays for neuroprotection, antioxidant activity and ER binding [Perez et al. 2006 ]. Some of the most promising compounds were tested in both in vitro assays and in animal models for neuroprotection. We observed that diasteriomers and enantomers of E2 and estrone were as potent as their parent, naturally occurring estrogen in their antioxidant and neuroprotective activity, but were much less potent in binding to either ER or ER [Perez et al. 2006; Simpkins et al. 2005b; Green et al. 2001; Bishop and Simpkins, 1994] . Additionally, phenolic A ring modification at the 2-and/or 4carbons produced a number of analogs with neuroprotective potencies 100-fold greater than that of E2 and completely eliminated binding to either ER or ER and eliminated in vivo estrogenicity [Jung et al. 2006; Perez et al. 2006; Simpkins et al. 2005b; Perez et al. 2005; Kumar et al. 2005; Simpkins et al. 2004; Liu et al. 2002] . In summary, this strategy promised to produce compounds with enhanced ability to prevent AD neuropathology without stimulating peripheral ERs.
A strategy proposed by the laboratory of Dr Roberta Brinton is to apply the selective estrogen receptor modulator (SERM) approach to brain activity of estrogens. This approach is based on the observations by her laboratory [Zhao et al. 2006 ] as well as our laboratory ] that the pan estrogen receptor antagonist, ICI 182 780 is an effective ER antagonist in peripheral tissues, but is an agonist in the brain. She then proposed producing a series of NeuroSERM compounds that have the unique features of ICI 182 780, including a 7substitution side chain, but with features which allow for penetrance of the blood-brain barrier [Zhao et al. 2007 . Poor BBB permeability of ICI 182 780 has limited its use for brain conditions [Zhao et al. 2007 Howell et al. 1996] .
Future clinical research directions
The overall strategy of the future assessment of the potential for the use of estrogens in the treatment/prevention of AD should be three-fold. Over the short-term, studies need to be completed to assess the effects of early estrogen intervention, using estrogen preparations already approved for menopausal syndrome, on the incidence of AD. One of these primary prevention studies, the Kronos Early Estrogen Prevention Study (KEEPS) is ongoing and assesses the effects of initiation at the time of the menopause of a conjugated equine estrogen preparation versus a transdermal estradiol preparation on cognitive decline [Harman, 2006] . While this study is aimed at assessing cognitive decline following the menopause with or without one of two estrogen treatments, its early initiation (at the biologically defined menopause) and proposed duration (4 years) will not allow sampling of women for incident cases of AD. As such, every effort should be made to continue the KEEPS trial for many years after its designed termination to determine if one or the other estrogen treatment delays or prevents AD.
A second approach that we have initiated is to assess estrogen preparations in clinical studies for conditions that predict the later development of AD. Traumatic brain injury (TBI) is known to lead to AD neuropathology [DeKosky et al. 2007; Ikonomovic et al. 2004; Olsson et al. 2004] and is an established risk factor in the development of AD [Van Den Heuvel et al. 2007; Jellinger et al. 2001 ]. As indicated above, in experimental models estrogens limit brain damage and ADlike neuropathology from trauma. We have received FDA approval to conduct a RESCUE-TBI trial which will assess the effects of a single i.v. dose of Premarin Õ administered within 2 h of the event on brain damage and functional decline from TBI. While this study will not specifically assess cognitive decline following TBI, protection of brain tissue from damaging effects of trauma will, we believe, predict protection from the eventual development of AD.
A third long-term strategy is to bring other more selective and more potent estrogens to clinical AD trials. As indicated above, NeuroSERMs and/or nonfeminizing estrogens are promising approaches, as both can achieve neuroprotection without stimulation of peripheral estrogen receptors. Such approaches could effectively protect the brain from the neuropathology of AD while avoiding the cancer-promoting and prothrombotic effects of chronically administered, orally conjugated equine estrogens.
A final issue that affects not only estrogen trials, but also the assessment of all compounds for their potential use in AD prevention is the need for primary prevention trials. The neuropathology of AD is believed to begin decades before the appearance of clinical symptoms of AD. As such, preventative therapies also must begin early in the disease process and continue into late life when incident cases of AD appear. In the case of estrogen therapy, treatment should begin at the menopause. There are several major obstacles to primary prevention trials that have been recently well described [Aisen et al. 2008] .
First, large numbers of subjects are needed due to low incidence of AD prior to age 70 years. Second, treatments initiated at age 50 will then require a 20-year trial. These large subject numbers and trial durations requires that we modify both regulations protecting the patents on tested compounds as well as our mechanism of funding clinical trials. Pharmaceutical companies are not likely to invest in a large 20-year trial for a compound that will be 'off patent' at 17 years. Given the current 5-year funding cycle at the NIH, academically conducted trails would need to be refunded three to four times, with little primary outcome data on the effects of the study compound on the incidence of AD. In view of these considerations and the extremely high cost of primary prevention trials, a public-private funding partnership may be needed to conduct these important studies. Nonetheless, primary prevention trials may be the only means of establishing the efficacy and safety of compounds for the treatment of AD. Bettini, E. and Maggi, A. (1992) Estrogen induction of cytochrome c oxidase subunit III in rat hippocampus, J Neurochem 58: 1923 -1929 . Bhavnani, B.R., Cecutti, A., Gerulath, A., Woolever, A.C. and Berco, M. (2001 Moosmann, B. and Behl, C. (1999) The antioxidant neuroprotective effects of estrogens and phenolic compounds are independent from their estrogenic properties, Proc Natl Acad Sci U S A 96: 8867-8872.
